Mesoporouss ilica synthesized from the cocondensation of tetraethoxysilane and silylated carbondots containing an amide group has been adopteda st he carrierf or the in situ growth of TiO 2 througha ni mpregnation-hydrothermal crystallization process. Benefitting from initial complexation betweent he titania precursor and carbon dot, highly dispersed anatase TiO 2 nanoparticles can be formed inside the mesoporous channel. The hybrid materialp ossesses an orderedh exagonal mesostructure with p6mm symmetry, ah ighs pecific surfacea rea (446.27 m 2 g À1 ), large pore volume( 0.57 cm 3 g À1 ), uniform pore size (5.11nm), and aw ide absorption band between l = 300 and 550 nm. TiO 2 nanocrystals are anchored to the carbon dot through TiÀOÀ Na nd TiÀOÀCb onds,a sr evealed by X-ray photoelectron spectroscopy.M oreover, the nitrogen dopingo fT iO 2 is also verified by the formation of the TiÀNb ond. This composite showse xcellent adsorption capabilities for 2,4-dichlorophenol and acid orange 7, with an electron-deficient aromatic ring, through electrond onor-acceptor interactions between the carbon dot and organic compounds instead of the hydrophobic effect, as analyzedby the contacta ngle analysis. The composite can be photocatalytically recycled through visible-light irradiationa fter adsorption. The narrowed band gap, as ar esult of nitrogen doping, and the photosensitization effect of carbon dots are revealed to be coresponsible for the visible-light activity of TiO 2 .T he adsorption capacity does not suffer any clear losses after beingr ecycled three times.
Introduction
The TiO 2 semiconductor,w ith good chemical stability,h as drawnmost attentiona saphotocatalyst for new energy developmenta nd pollutantd egradation. [1] Nanometer-sized TiO 2 has superior photocatalytic activity to its bulk counterpart because it has more surface-active sites and ah igher electron-hole separationr ate. [2] Many efforts have been devoted to decreasing the particle size. However,t he side effects of size reduction mean that nanometer-sized TiO 2 has as trong agglomeration tendency and narrowedl ight-absorption range due to the quantization size effect. [3] To solvet he above ubiquitous contradictions encountered during photocatalysis applications,i ntensive studies on loading the photocatalysto nacarrierw ith al arge specific surfacea rea, and doping or sensitization of TiO 2 to extendt he light absorption range of TiO 2 [4] have been respectively or jointly carried out.
Mesoporouss ilica, with al arge specific surface area,m odifiable framework surface, and tunable pore size from 2t o5 0nm, has proven to be ag ood carrierf or the loading of photocatalysts by versatile methods, including coassembly,i ns itu growth, and post-impregnation. [5] Additional treatment has also been utilized to activate loadedT iO 2 in the visible-light range.F or example,T i ÀOÀCr [6] and TiÀOÀCe [7] have been formed in mesoporous silica to improve the visible-light activity.M oreover,i nc onsideration of the abundantp orous system, mesoporouss ilica can simultaneouslyp layt he role of pollutant adsorption, [8] which improves the photocatalytic activity through the pollutant-enrichment effect. To achieve the cooperative effect between adsorption and photocatalysis, the reasonable spatial arrangement and uniform dispersion of adsorption and photocatalysis sites are essential;h owever,t his has not been efficiently solved due to the great reactivity of most titania precursors with low electronegativity and high coordination numbers. [9] Uncontrollable growth and local aggregation have been commonly observed;t hese discount the cooperative effect of adsorptiona nd photocatalysis.
Herein,w ea dopt as ilylated carbon dot (CD) [10] composed of ag raphitic core and amide-covered surfacef or the formation of mesoporous silica through the cocondensation of CD and tetraethoxysilane (TEOS). Through the complexing of amide groups with Ti(SO 4 ) 2 precursor and ah ydrothermal crystallization process,h ighly dispersed TiO 2 is subsequently in situ grown in the pore channels without sacrificing pore accessibility.T iO 2 nanoparticles are nitrogen-doped and bridged to CDs through TiÀOÀCa nd TiÀOÀNb onds. This composite shows high adsorption efficiency to 2,4-dichlorophenol( 2,4-DCP) and azo dye acid orange 7( AO7) through electron donor-acceptor (EDA) interactions between CDs and organic compounds. The enriched organic compounds around TiO 2 can be photocatalytically degraded under visible-light irradiation. The visible-light activity is attributed to the coeffect of nitrogend oping and CD sensitization.T he adsorption-degradation process can be cycled three times without causing ac lear loss in adsorption capacity.
Results and Discussion
The CDsa re formed from the pyrolysis reactiono fc itric acid in amine-containing silane. [10] The product sealed in hexane is sticky and yellowish brown and af ilms pin-coated from hydrolyzed CD is yellow in color (Figure1A). The UV/Vis diffuse reflectance spectrum of the CD film shows aw ide absorption band from l = 300 to 550 nm. ( Figure 1B ). The FTIR spectrum shows bands at ñ = 1520-1650, 960-1140, and 698-860 cm À1 , which are ascribed to the vibrations of CONH 2 ,S i ÀO, and SiÀCH 2 groups,r espectively ( Figure 1C ). The HRTEM image shows that the CD are monodispersed and polycrystallized with particle sizes of 1-2 nm ( Figure 1D ).
CD-embedded mesoporouss ilica (CD-MS) was synthesized accordingt oo ur previously reported method, which used CD and TEOS as the coprecursors of silica and EO 20 PO 70 EO 20 (P123) as the template. [10d] TiO 2 nanoparticles weres ubsequently in situ formed on CD-MS by using Ti(SO 4 ) 2 as the titania precursor through the process of impregnationa nd hydrothermalc rystallization (Ti-CD-MS). TEM images indicatet hat highly dispersed TiO 2 nanocrystals( about 4nm) can be formed in the pore channels of CD-MS (Figure 2A ), whereas severelyl ocal aggregation occurs for TiO 2 particlesg rown on MS (Ti-MS;F igure 2B); this indicates that the formation of uniformly distributed TiO 2 nanocrystals on CD-MS should be relatedt ot he existence of CDs in the pore channels. It is knownt hat ac helating agent with mercapto, amine, or carbonyl group is advanta- Chem. Eur.J.2015, 21,17944 -17950 www.chemeurj.org geous to inhibit the growth of metal or metal oxide nanoparticles through formingametal-ion complex. [11] Therefore, the amide groups of the CDs should be responsible for suppressing the severe hydrolysis of titania precursor and the subsequent agglomeration of TiO 2 .T he wide-angle XRD pattern shows that the TiO 2 nanocrystalh as an anatase phase and the low intensity is ascribed to the tiny size of anatase TiO 2 (Figure 2C) . The small-angleX RD pattern shows ap eak at 2q = 0.8348,whichisa scribed to the 10 reflection of a2Dhexagonal mesostructure with as pace group of p6mm; [5b] this indicates that the mesostructure is retained after the introduction of TiO 2 ( Figure 2D ). The N 2 adsorption-desorption isotherms (Figure 2E) i ndicate that this hybridm aterialh as typical type IV curves with sharp capillary condensation steps in the mid P/P 0 range. The specific surface area is calculated to be about 446.27 m 2 g À1 by the BET method. An arrow pore size distribution curve with am eanv alue of about5 .11nmi so btained from the adsorption branch by using the Barrett-Joyner-Halenda (BJH) model ( Figure 2F ). The pore volume is about 0.57 cm 3 g À1 .T hese data are comparable to those of CD-MS withoute mbedding of TiO 2 ( Figure S1 in the Supporting Information),w hich indicates that the pore system is not blocked due to the introductionofT iO 2 into the pore channels.
Element mapping by energy-dispersive X-ray (EDX) spectroscopy shows that elemental titanium is uniformly distributed on mesoporouss ilica, accompanied by elementaln itrogen, which is derived from the amide groups on the CDs (Figure 3 ). The weightp ercentage contentso fs ilicon, titanium, and nitrogen are 37.9, 19.0, and 5.2 wt %, respectively.F igure 4a shows the X-ray photoelectrons pectroscopy (XPS) resultsf or the Ti 2p region of Ti-CD-MS and Ti-MS. The Ti 2p 3/2 and Ti 2p 1/2 core levels of Ti-MS, appearing at 467.2 and 461.2 eV,a re higher than most reported values, [12] which should be relatedt ot he loading environment of TiO 2 nanoparticlesa nd is discussed togetherw ith the O1ss pectrum below.T he two peaks shiftt o 465 and 459 eV for sample Ti-CD-MS, which is indicative of increased electron density caused by the presence of the CDs. [12a] The N1 ss pectrum shows ab road peak centered at 401.6 eV,w hich is accompanied by as mall peak at 396.8 eV.I t is commonly accepted that the peak at around 396 eV is ascribed to substitutional nitrogen (TiÀN) and the peak at 401.6 eV is assigned to oxidizedT i ÀNi nt he form of TiÀOÀN. [12a, 4a] TheC1s XPS peak can be fitted to three peaks at 284.6, 285.5, and 288.4 eV.T he first peak at 284.6 eV is associated with adventitiouse lemental carbon.T he second peak at 285.5 eV is assigned to graphitic carbon,a nd the smallp eak at 288.4 eV proves the existence of C=Oa nd COO. [13] Therefore, it is assumed that CDs obtained from instant high-temperature pyrolysis of citric acid in the presence of amine-containing silane should be composed of ag raphitic carbon core covered with an ethoxysilane shell through the linkage of amide groups,a ccording to results from UV/Vis spectroscopy,F TIR spectroscopy,and C1sXPS. Moreover,the peak at 28.2 eV,corresponding to the TiÀCb ond, was not observed; [13] this suggests that carbon atoms in the CDs mayb eb ondedt ol attice oxygen atoms in TiO 2 as TiÀOÀCt hrough substituting titanium atomsi nsteado fr eplacing oxygen atoms. The fitting of the O1 ss pectrum generates three peaks at 529.6, 532.0,a nd 535.2 eV.T he peak at 529.6 eV is from TiÀOÀTi and the peak at 532 eV is ubiquitously observed from TiO 2 with TiÀOÀCo r TiÀOÀNb onds. [12a, 14] The content of these two speciesc annot be discriminated as ar esult of the similar electronegativity of carbon and nitrogen.T he highest peak at 535.2 eV is relatedt o the existence of abundant OÀHb onds in mesoporouss ilica, which may lead to the electron deficiency of Ti speciesl oaded in the pore channel and is in accordance with the Ti 2p XPS results for Ti-MS. Based on the formation of TiÀOÀN, TiÀOÀC, and TiÀNb onds, it is proposed that the Ti precursor should be Chem. Eur.J.2015, 21,17944 -17950 www.chemeurj.org chelated by O=CNH 2 groups in the CDs, which prohibits the growth of TiO 2 particlesd uring the hydrothermal process. The finally formed TiO 2 particless hould be attachedt oC Dp articles through TiÀOÀNa nd TiÀOÀCb onds and parto fNis doped into the lattice of TiO 2 in the form of TiÀN.
The UV/Vis absorption spectrum of Ti-CD-MS shows aw ide absorption band from l = 300 to 550 nm ( Figure 5A ). When irradiated with visiblel ight, Ti-CD-MS shows ap hotocurrent much highert han that of CD-MS (75 times) in the absence of TiO 2 and Ti-MS (30 times) in the absence of CD ( Figure 5B ). The visible-light activity can be attributed to nitrogen doping. However,i nc onsideration of the graphitic essence of CD, the HOMO and LUMO levels of the CDs have been further calculated to reveal the possibility of photosensitization of TiO 2 by neighboring CDs bridged through TiÀOÀNa nd TiÀOÀC bonds. [15] First, the energy band gap (E g )o fC D-MS is determined to be about 2.51 eV ( Figure 5C )f rom the Ta uc plot of at ransformed Kubelka-Munkf unctionv ersus hv,a si ndicated in Equation (1): [16] ðahvÞ 1=2 vs:
in which a is the absorption coefficient, n is the frequency of light, and h is the Planck constant.T he onset potential of oxidation (E ox )o fC D-MS is measuredt obe0 .11Vby CV with asaturatedc alomel electrode (SCE) as the reference electrode and ferrocenea st he standard ( Figure 5D ). The potential of SCE is 0.24 Vv ersus as tandard hydrogen electrode (SHE). The oxidation potential of ferrocene( E Fc/Fc + )i s0 .42 Vv ersus SHE (Figure 5D ,i nset). According to the absolute potentialo fS HE (À4.5 eV), the HOMO level of CD-MS is calculated to be À4.49 eV from the oxidation potential by using Equation (2). The LUMO level of CD-MS is calculated to be À1.98 eV from Equation (3). This allows electron transfer from CD-MS to anatase TiO 2 with al ower potential of the conduction band (À4.42 eV) when irradiated with visible light and resultsi nt he photosensitizationo fT iO 2 by neighboring CDs. [17] Therefore, the improved photocurrent of Ti-CD-MS under visible-light irradiation should be attributed to the coeffect of nitrogen doping and CD sensitization of TiO 2 .
HOMO ¼ÀðE ox ÀE FC=FC þ4:5þ0:24Þ eV ð2Þ
Furthermore, Ti-CD-MS shows as ignificant adsorption capacity for 2,4-DCP in the dark when applied asaphotocatalyst, for which about 75 %of2 ,4-DCP can be adsorbed after equilibrium was reached within 1.0 h, as verified by UV/Vis absorption spectroscopy ( Figure 6A) . The high adsorption efficiency should be related to the incorporation of CD because Ti-MS shows less adsorption.T he isoelectricp oint of Ti-CD-MS is at pH 4.8 ( Figure S2 in the Supporting Information), which excludes the possibility of electrostatic interactions between 2,4-DCP and Ti-CD-MS in an eutrale nvironment. Ah ydrophobicity test was furtherc arriedo ut to identify the contribution of hydrophobic interactions due to the presence of graphitic carbon in the CDs. The contact angle of Ti-CD-MS is about 55.238 ( Figure S3 in the Supporting Information), which seems incompatible with the pronounced adsorption capacity demonstrated in Figure6Ab ecause the surfaceo fT i-CD-MS is actually hydrophilic. Currently,f or enrichment-assisted photoca- talysis, hydrophobic interactions are commonly adopted. In general,h ydrophobic interactions referst ot he adsorption behavior of aromatic compounds without polar functional groups through weak van der Waals forces. In addition to hydrophobic interactions, other adsorption modes, including polar-p interactions, cation-p,a nd n-p EDA interactions have been reported. [18] Compound 2,4-DCP contains an electron-deficient p system due to the presence of two electron-withdrawing ÀCl substituents on the aromatic ring. Ti-CD-MS contains an amide group, in which the oxygen and nitrogen atoms should also possibly form n-p EDA interactions with the electron-deficient p system.The binding affinity of n-p EDA interactions is stronger than that caused by hydrophobic interactions because the bonding enthalpies involved in hydrophobic interactions are considered to be negligible compared with EDA interactions. [10c] The advantage of nonhydrophobic adsorptionl ies in the preservation of hydrophilicity of the photocatalyst, whichi sm ore feasible fort he treatment of sewage water.B ecause TiO 2 nanocrystals are anchored with CDs through TiÀOÀNa nd TiÀOÀCb onds, the enrichment of pollutant by CDs can increaset he local concentration of pollutant aroundT iO 2 .T he absorptiono f2 ,4-DCP keeps decreasing with furtheri rradiation with visible light for 1h.T he degradation of adsorbed 2,4-DCP was verifiedb ya nalyzing the eluento btained from washing the photocatalyst with ethanola fter the photocatalysis process with UV/Vis spectroscopy.N oa bsorption attributed to 2,4-DCP is detected from the eluent, which indicates the efficient degradation of adsorbed 2,4-DCP.T he degradation of total 2,4-DCP in solution can be achieved by prolonging the irradiation time (4 h; Figure S5 in the Supporting Information). However,t he photocatalyst can recover its adsorption capacity after 1h of irradiation, and preserves 87 % of the adsorption capacity in the third cycle ( Figure 6A ). The well-preserved adsorption capacity demonstrates the good photostability of the CDs. In fact, the CDs show negligible variation in peak intensity,e ven after 4h of irradiation with a3 00 Wx enon lamp ( Figure S4 in the Supporting Information). Moreover,t od emonstrate the effect of n-p EDA interactions on pollutanta dsorption, azo dye AO7, which also contains an electron-deficient aromatic ring, was further adopted as the pollutant target ( Figure 6B ). About9 0% of AO7 is adsorbed after equilibrium is reached within 0.5 h. Adsorbed AO7 is almostc ompletely eliminated after furtheri rradiation with visible light for 1h.R ecycled Ti-CD-MS can still adsorb9 0% of AO7 and be further recycled three times without clear loss of adsorption capacity.A sm entioned above, the excellent visiblelight-driven photocatalytic self-recycling performance should benefitf rom the cocontributions of nitrogen doping and CD sensitization of TiO 2 (Figure 7) .
Conclusion
Mesoporouss ilica embedded with amide-containing CDs was used for the in situ growth of aT iO 2 photocatalyst.H ighly dispersed TiO 2 nanocrystals formed in the pore channels through chelation betweent he amide groups and titania precursor. Under visible-light irradiation,T i-CD-MS showed aphotocurrent 75 times highert han that of CD-MS and3 0times higher than that of Ti-MS due to the coeffect of nitrogen doping and photosensitization of TiO 2 by neighboring CDs. When appliedt o the photocatalytic elimination of 2,4-DCPa nd AO7,T i-CD-MS showed extraordinary activity through the enrichment-degradation mode, since the CDs could efficiently adsorb 2,4-DCP and AO7, with an electron-deficient aromatic ring, through n-p EDAi nteractions. By considering the high feasibility of the nonhydrophobic adsorption mode for water decontamination, we believe the design and synthesis strategy presentedh erein can further accelerate the development and applicationo fe nrichment-degradation-type photocatalystsf or wastewater treatment.
Experimental Section

Synthesis of CDs
CDs were prepared through ao ne-step synthetic route reported previously. [10a] First, of N-(b-aminoethyl)-g-aminopropylmethyldimethoxy silane (AEAPMS;1 0mL) was put into a5 0mLt hree-necked flask. The temperature was increased to 240 8Cunder anitrogen atmosphere. Then anhydrous citric acid (0.5 g) was quickly added to the flask. The reactants were heated at 240 8Cf or 1min and then cooled to room temperature. The sample was obtained after washing with hexane twice, then sealed with hexane, and stored in the refrigerator.
Synthesis of CD-MS
CD-MS was prepared by using P123 as the template following the method described previously. [5b] P123 was first dissolved in as olution of HCl (120 mL, 2.0 m)t og ive ah omogeneous solution by vigorous stirring at 38 8C. Then, TEOS (9 mL) and CD (0.6 mL) were added and the mixture was stirred at 38 8Cf or 24 h. After that, the mixture was transferred into an autoclave and hydrothermally treated for 24 ha t1 00 8C. Then the samples were filtered, washed with deionized water,a nd dried at 60 8Cu nder vacuum. The templates were removed by as olvent-extraction method, in which the as-made sample (50 mg), sodium acetate (60 mg), and ethanol (5 mL) were mixed together and stirred under reflux for 1h. LoadingofT iO 2 nanoparticles on CD-MS(Ti-CD-MS) TiO 2 nanoparticles were loaded on CD-MS through precursor impregnation and in situ hydrothermal growth. First, Ti(SO 4 ) 2 (25 mg) was dissolved in as olution containing ethanol (22 mL) and deionized water (3 mL). Then CD-MS (0.1 g) was added under stirring. After further stirring at room temperature for 3h,t he mixture was transferred to an autoclave and hydrothermally treated at 120 8C for 12 h. The obtained product was washed with deionized water and dried at 60 8Cf or 12 hu nder vacuum. TiO 2 was also in situ loaded on MS through the same procedure (Ti-MS).
Photocatalytic experiments
The sample (50 mg) and 2,4-DCP (50 mL, 10 mg L À1 )o razo dye AO7 (50 mL, 10 mg L À1 )w ere ultrasonically mixed. Before irradiation, the mixture was stirred for 30 min in the dark to reach an adsorption-desorption equilibrium. A3 00 Wh igh-pressure xenon lamp equipped with a l = 420 nm optical filter was used as the light source. Ambient temperature was maintained during the photocatalytic reaction. At each predetermined time point, the analytical samples taken from the mixture were immediately centrifuged and then filtered through syringe filters (cellulose acetate membranes) with as ize of 0.22 mmt or emove the photocatalysts. The filtrates were analyzed by recording variations in the UV/Vis absorption spectra of 2,4-DCP or AO7.
Characterization XRD patterns were collected on aR igakuD/MAX 2550 diffractometer by using Cu Ka radiation (40 kV,1 00 mA, l = 0.15406 nm). N 2 sorption isotherms were measured at 77 Kbymeans of aMicromeritics ASAP 2020 analyzer.T he BET method was utilized to calculate the specific surface areas (S BET )b yu sing the BJH model;t he pore volumes and pore size distributions were derived from the adsorption branches of the isotherms. TEM was conducted on aJ EM 2000EX microscope. FTIR spectra were recorded on aN icolet FTIR spectrometer (Nicolet Magna 550). UV/Vis absorption or diffuse reflection spectra were recorded on aS can UV/Vis spectrophotometer (SHIMADZU, UV-2450), with BaSO 4 as the reflectance sample. Zeta potential versus pH curves were analyzed by using aM alvern Zetasizer Nano-ZS instrument (ZEN3600, Malvern Instruments), with 0.1 m NaOH and HCl to adjust the pH value, and 0.1 m NaCl to maintain ah igh background-electrolyte concentration. For electrochemical analysis, the counter,r eference, and working electrodes were aPtelectrode, SCE, and aglassy carbon electrode, respectively.F irst, to test the CV curve of ferrocene, the supporting electrolyte was am ixed solution containing ferrocene (5 mg), tetrabutylammonium hexafluorophosphate (180 mg), and dichloromethane (5 mL). The high and low electrode potentials were À0.5 and 1.0 V, respectively.T hen to test the CV curve of CD-MS, in the oxidation part, the solution was dichloromethane (5 mL) with tetrabutylammonium hexafluorophosphate (180 mg) and sample (2 mg);i nt he reduction part, the solution was THF (5 mL) with tetrabutylammonium hexafluorophosphate (180 mg) and sample (2 mg). The high and low electrode potentials were À1.0 and 3.0 V, respectively.T he scan rate was 100 mV s À1 .
